The status of SUSY searches at LEP2 up to centre-of-mass energy of √ s=202 GeV is presented. Search strategies for sleptons, squarks, charginos and neutralinos are discussed in the framework of Minimal Supersymmetric Standard Model with R-parity conservation. With no indication for the production of these particles new limits are set on their masses.
Introduction
Increased energies and luminosities at LEP2 have substantially extended its potential for the discovery of new particles. In 1999 LEP operated at √ s = 192−202 GeV and has delivered integrated luminosity of 230 pb −1 per experiment. This data, together with those recorded during previous years at √ s > M Z , have been used to search for evidence for new physics beyond the Standard Model (SM). Extensive searches have been performed for the particles predicted by Supersymmetric (SUSY) theories. Among SUSY models Minimal Supersymmetric Standard Model (MSSM) 1 with the unification of gaugino masses and scalar masses at GUT, often referred to as Constrained MSSM (CMSSM) 2 , is widely accepted as a main framework at LEP. CMSSM introduces 6 new parameters: M 2 , the SU (2) L gaugino mass; m 0 and A 0 , a universal scalar mass and universal trilinear coupling at GUT scale; tan β, the ratio of VEV's of the two Higgs fields; µ, the higgsino mass parameter and M A , the mass of CP-odd Higgs boson. Masses and couplings of SUSY particles (sparticles) as well as their production cross-sections are entirely determined once the first five parameters are specified.
At LEP2 production of sleptons,˜ , squarks,q, charginos,χ ± i (i = 1, 2) and neutralinos,χ 0 i (i = 1, 2, 3, 4), all can take place with sizable cross-sections if kinematically allowed. R-parity conservation implies that sparticles are produced in pairs and ultimately decay to a stable Lightest Supersymmetric Particle (LSP). In CMSSM the best candidate for LSP is the lightest neutralinoχ 0 1 . Sinceχ 0 1 is weakly interacting it escapes detection and produces energy imbalance in the event. At LEP2 energies sparticles would mainly decay directly to LSP. For sfermions the dominant decay pattern isf → fχ 0 1 , except for stop, for which the relevant decay modes aret → cχ 0 1 andt → b ν since flavour conserving decay to top is kinematically unaccessible. Charginos and neutralinos decay troughχ
, are also important in some regions of the model parameter space. Depending on the identity of the fermion(s) produced in these decays one expects lepton(s), or lepton(s) plus jets, or jets in the final states, all accompanied by missing energy as a fingerprint of the escaping LSP's. Since at least two LSP's are present no explicit reconstruction of sparticle masses is possible. Thus the search strategy is to look for the event excess over the SM expectations in the above listed final states. The signal kinematics depends strongly on the mass difference between produced sparticle and its invisible decay product, ∆M = M spart − M LSP , the quantity which essentially defines the amount of detectable energy.
There are number of SM processes taking place at LEP which may mimic a signal. They can be classified as two-fermion production ff(γ), processes with four-fermions in the final states, W + W − , Weν, ZZ, Ze + e − and two-photon interactions, e + e − γγ → e + e − qq, e + e − − + . When ∆M is low, in the range of 5 GeV to 15-20 GeV, the visible energy in SUSY signal events is low. Here the main and essentially irreducible background is two-photon interactions with final e + /e − usually escaping undetected in the beam pipe and thus producing missing energy. Furthermore, the cross-section of two-photon interactions (∼16 nb at √ s=192-202 GeV with M γγ > 3 GeV) is significantly higher than that of any other processes at LEP2. Hence SUSY signal with low ∆M is the most difficult to probe. At high ∆M values, > ∼ 40-50 GeV, the dominant backgrounds are W + W − and Weν productions. In the intermediate ∆M range of 20 GeV to 40 GeV, the two-fermion, four-fermion and two-photon processes all can contribute to the background with comparable proportion. Apparently, dedicated selections are necessary to cover all possible ranges of ∆M . The key kinematical selection variables are visible energy and mass, missing mass, acollinearity, fraction of energy deposition in the forward regions of the detector, event thrust, etc. The selection techniques are conventional, or multivariate, which take into account correlation between kinematical variables in the multidimensional space. Special situation arises when produced sparticle and its invisible decay product are almost mass degenerate, e. g. ∆M < ∼ 3 GeV. The amount of detectable energy carried by decay products becomes too small and "standard" search strategies are not applicable any more. On the other hand, produced SUSY sparticles can become long-lived due to decay phase-space suppression and can be searched via displaced vertices (quasi-stable sparticle case) or anomalous ionisation measurement (stable sparticle case). Another technique is to tag events with Initial State Radiation (ISR) photon(s).
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Searches for SUSY Partners of Fermions
SUSY introduces scalar partners for each SM fermions,f L andf R which mix and form mass eigenstates, f 1 andf 2 . The size of the mixing is proportional to the corresponding SM fermion mass and can be neglected for the first two generations. However, the stop left -right mixing is expected to be large due to heavy top quark. Resulting eigenstates have sizeable mass splitting with the lighter stop,t 1 , being the lightest of all squarks. In case of sbottom and stau large mixing can occur for tan β > ∼ 10. Pair production of sfermions in e + e − collisions takes place through s-channel γ/Z exchange. For selectrons the production cross-section is enhanced by t-channel exchange of neutralino. Since right handed sleptons are expected to be lighter than the left-handed states, it is assumed that only˜
production is kinematically possible. The decay pattern˜ → χ 0 1 gives rise to two acoplanar leptons and missing energy in the final states. In this category of events no excess has been found over the SM background expectations 3, 4, 5, 6 . As an example, L3 has observed 76 events with two acoplanar electrons and missing energy in √ s =192-202 GeV data sample. This is consistent with 68.9 events expected from the SM processes. Corresponding exclusion contour for the selectron mass is shown in Fig. 1 assuming µ = −200 GeV and tan β = √ 2. The exclusion holds also for higher values of |µ| and tan β. For smaller values of |µ| the t-channel contribution to the selectron pair production is suppressed yielding a few GeV decrease in the limit. The values of µ and tan β are also relevant for calculation of branching ratio for cascade decaysẽ → eχ 0 2 → e ffχ 0 1 . The plot gives exclusion contour assuming BR(ẽ →eχ 0 1 )=100%; it also shows the change in the exclusion contour due to opening up the cascade decays for which vanishing efficiencies are (pessimistically) assumed.
Smuon pair production gives rise to two acoplanar muons and missing energy. In this category of events 13 candidates have been observed by DELPHI. This is consistent with 19.2 events expected from the SM processes. The corresponding exclusion plot is shown in Fig. 1 for tan β = 1.5 and µ = −200 GeV taking into account efficiency loss due to cascade decays.
In the search for stau pair production which leads to two taus and missing energy, 46 events have been observed by ALEPH, whereas 34.2 is expected from the SM processes. The excluded regions with the assumption of BR(τ → τχ 0 1 )=100% is shown in Fig. 1 . Exclusion contours are derived assuming no mixing and sizable mixing between the left and right eigenstates. In case of mixing the production cross-section can be parametrised as a function of the sfermion mass and the left-right mixing angle, cos θ LR . The cross-section is maximal for cos θ LR =1 and is minimal for cos θ LR 0.61 when stau decouples from the Z. The contour shown for the mixing case corresponds to the minimal σ(τ +τ − ). Table 1 summarises exclusion limits on slepton masses obtained by ALEPH, DELPHI and L3 Collaborations. Individual limits on selectron mass are set at 91-92 GeV for the mass differences of ∆M >10-15 GeV. Smuon mass exclusion ranges from 78 GeV to 85 GeV for ∆M > 10 GeV, whereas stau limits are relatively modest, in the range of 68-75.5 GeV for ∆M >10-15 GeV.
Among squarks special emphasises are put on the stop and sbottom searches 3,5,6,7 as they are expected to be lighter than others. The stop two-body decayt 1 → cχ 0 1 gives rise to final states with two jets and missing energy, whereas three-body decay modet 1 → b ν leads to two b-jets plus two leptons plus missing energy signature. For sbottom, theb 1 → bχ 0 1 decay results in two b-jets and missing energy final states. No indication for thet 1 orb 1 production has been observed in the above final states and new limits have been derived on their masses, shown in Fig. 2 . Exclusions are given for maximal and minimal cross-section assumptions. Table 2 Dedicated searches have been performed for a stop almost mass degenerate with LSP by ALEPH 8 . When ∆M is less than the c-quark mass the stop decays throught 1 → uχ 0 1 . The decay width for this mode is much smaller than fort 1 → cχ 0 1 which itself has width larger than typical hadronization scale. So for ∆M < ∼ 3 GeV the decay length ranges from few microns to hundreds of meters depending on SUSY model parameters. When stop decays outside detector it can be searched as a heavy stable particle trough anomalous ionisation measurements. When decay occurs inside detector the signal events can contain tracks with large impact parameter. Figure 3 shows complementarity of "stable", "quasi-stable" and "standard" analysis in different ∆M regions. Assuming CMSSM relations between SUSY parameters and Γ(t 1 ) the lower limit of Mt 1 > 63 GeV is set independent of ∆M .
Searches for Charginos and Neutralinos
In e + e − collisions chargino pairsχ 2 ) can also reach a few pb.
[bb=10 10 550 550, width=9.2cm,height=7.2cm,clip=true,draft=false]stopdegener a leph.eps • as a function of ∆M in the region of small mass differences. Regions of different applicable analysis are indicated.
The expected event topologies from chargino and neutralino productions are jets plus missing energy, leptons plus missing energy or jets plus lepton(s) plus missing energy. Searches through these topologies have been carried out by LEP experiments 3, 6, 14, 15 productions. Dedicated search strategy has been devised for the chargino mass degenerate with its invisible decay product, ∆M < ∼ 4 GeV 15, 16 . In CMSSM this scenario may occur isχ ± 1 if higgsino-like. Here, chargino events can be tagged, e.g. with ISR photon(s), so the corresponding final state contains photon(s), missing energy and soft tracks. While in signal events the missing energy is due to weakly interacting particles, in the dominant two-photon background it is due to final state e + /e − escaping in the beam pipe. In the latter case, if a photon is present satisfying
requirement, the e + and/or e − must be deflected into detector and the event can be identified as a background. Here θ d is the minimum detection angle for the deflected e + /e − . For the L3 detector θ d = 1.5 • leads to E γ T ≥ 5.5 GeV -an energy large enough for efficient triggering. The obtained mass limit is shown in Fig. 4 together with the exclusion contours obtained by the "standard" searches and by stable charged particle searches. These different search strategies allow to close up the low ∆M "window". The absolute mass limit for theχ 15, 17 are derived by L3 and ALEPH and are shown in Fig. 6 as a function of tan β. In case of L3 the lowest mass limit of 37.5 GeV is observed at tan β = 1 and high m 0 = 500 GeV and comes from searches of chargino and neutralino pairs. For large tan β values the minimum is found in the gaugino region and for low values of m 0 . Here the limit is derived from the slepton searches.
The LSP mass limit derived by ALEPH exploits, along with sparticle searches, lower limit on the light Higgs boson mass set at M h >107.7 GeV for low values of tan β 17 . As indicated in Fig. 6 the Higgs search constraints are important for the regions of tan β < ∼ 2 and 3 < ∼ tan β < ∼ 3.5. Slepton searches allow to set limit at high values of tan β and chargino searches contribute in the region of 2 < ∼ tan β < ∼ 3. An absolute limit is set at Mχ0 1 > 38 GeV. The results obtained using Higgs searches are however quite sensitive to the top quark mass which is assumed to be M t =175 GeV 17 . 
